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3RUWDEOHDQG/RZ&RVW&KDQQHO6RXQGLQJ3ODWIRUPIRU9+)
8+),R73URSDJDWLRQ5HVHDUFK
($%DOO
'HSW2I(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ7KH8QLYHUVLW\RI6KHIILHOG6KHIILHOG8QLWHG.LQJGRP
HDEDOO#VKHIILHOGDFXN


.H\ZRUGV &KDQQHO 6RXQGLQJ 57/6'5 5DVSEHUU\ 3L
9+)8+)
$EVWUDFW
7KLV SDSHU SUHVHQWV ZRUN LQWR UHDOLVLQJ D FRVWHIIHFWLYH DQG
SRUWDEOH SODWIRUP WR VXSSRUW ,QWHUQHW RI 7KLQJV ,R7
SURSDJDWLRQUHVHDUFKDW9+)DQG8+)7KHVRXQGLQJUHFHLYHU
XVHVDORZFRVW57/6'55DVSEHUU\3LDQGWRXFKVFUHHQ7KH
SODWIRUP UXQV GHGLFDWHG FKDQQHO VRXQGLQJ '63 DOJRULWKPV
ZULWWHQ LQ 3\WKRQ 7KH UHVXOWLQJ SODWIRUP LV D SRUWDEOH DQG
FRQYHQLHQWSURSDJDWLRQPHDVXUHPHQWWRROFRYHULQJ0+]WR
*+] ,QLWLDO UHVXOWV IURPDFLW\PHDVXUHPHQWFDPSDLJQDW
0+] DQG 0+] DUH SUHVHQWHG VKRZLQJ FKDQQHO
UHVSRQVHDQGLQWHUIHUHQFH
 ,QWURGXFWLRQ
7KH ,QWHUQHW RI 7KLQJV ,R7 LV QRZ D KRW WRSLF LQ
FRPPXQLFDWLRQV UHVHDUFK ZLWK D PXOWLSOLFLW\ RI FRPPHUFLDO
ORQJ UDQJH SURSULHWDU\ V\VWHPV EHLQJ EURXJKW WR PDUNHW
$GGLWLRQDOO\WKHUHDUHQRZHPHUJLQJVWDQGDUGVEDVHGV\VWHPV
EHLQJGHYHORSHGQRWDEO\ LQFOXGLQJ WKHUHFHQWO\UDWLILHG1%
,R7 DQG DOVR DK ³+D/RZ´ $OWKRXJK WKHVH YDULRXV
V\VWHPVDUHDOUHDG\ MRFNH\LQJ IRU IXWXUHGRPLQDQFH WKHUH LV
VWLOOPXFKUHVHDUFKSRWHQWLDOLQYHU\ORZSRZHUDQGORZFRVW
,R7ORQJUDQJHV\VWHPVSRZHUHGE\FRLQFHOOVHJ&5
DQGVXSSRUWLQJKLJKUHOLDELOLW\XVHFDVHVZLWKPXOWL\HDUOLIH
H[SHFWDQF\6XFKGHYLFHVFRXOGVHUYHLQFRQQHFWLQJIXWXUHFLW\
LQIUDVWUXFWXUHRUXELTXLWRXVVRFLDOFDUHDQGKHDOWKFDUHV\VWHPV
,Q WKH 8. 2IFRP KDV UHFHQWO\ SURPRWHG WKH XVH RI 9+)
VSHFWUXP DW 0+]  0+]  0+] IRU
DSSOLFDWLRQWR,R7>@7KLVLVLQDGGLWLRQWRWKHDOUHDG\SRSXODU
(86KRUW5DQJH'HYLFHVVSHFWUXP0+]0+]ZKHUH
PDQ\FRPPHUFLDO(8,R7UDGLRV\VWHPVRSHUDWH
7RIDFLOLWDWH WKHUHVHDUFK IRUQRYHO IXWXUH ,R7UDGLRV\VWHPV
ZKLFK PD\ LQFRUSRUDWH PXOWLSOH 5) EDQGV DQG DVSHFWV RI
FRQILJXUDEOH PRGXODWLRQ DQG FRJQLWLYH UDGLR UHTXLUHV D
IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH UHDOZRUOG SURSDJDWLRQ
HQYLURQPHQWQRLVHIORRUVDQGVSHFWUXPRFFXSDQF\
7RVXSSRUW RXUDFWLYLWLHV LQ ,R7 UDGLR WUDQVFHLYHU UHVHDUFK D
SRUWDEOHORZFRVWIUHTXHQF\DJLOHFKDQQHOVRXQGLQJSODWIRUP
KDVEHHQFUHDWHG7KLVDOORZVQHDUUHDOWLPHLQVSHFWLRQRIWKH
FKDQQHO UHVSRQVH LQRSHUDWLRQDOHQYLURQPHQWVVXFKDVXUEDQ
FDQ\RQVRUUHPRWHUXUDOORFDWLRQV7KHV\VWHPLVEXLOWXVLQJDQ
57/6'5DQG5DVSEHUU\3L% 53LZLWK WRXFKVFUHHQ DOO
SRZHUHGE\D86%EDWWHU\SRZHUSDFN

8VHFDVHV IRU PDQ\ ORQJ UDQJH ,R7 V\VWHPV DUH XQOLNHO\ WR
UHTXLUH PXOWL0+] 5) EDQGZLGWKV KHQFH WKH 57/6'5¶V
PD[LPXP5)%:RI0+]LVDFFHSWDEOHIRUWKLVSODWIRUP
 9+)8+)3URSDJDWLRQDQG,R78VH&DVHV
7KH PRWLYDWLRQ IRU WKH FUHDWLRQ RI WKH FKDQQHO VRXQGHU
SODWIRUPLVWRXQGHUVWDQGWKHSURSDJDWLRQHQYLURQPHQWLQXUEDQ
DQG VXEXUEDQ VHWWLQJV FRQVLGHULQJ PXOWLSOH 5) EDQGV 7KLV
ZLOO IDFLOLWDWH SURSRVDO RI QRYHO KLJKUHOLDELOLW\ ,R7 UDGLR
V\VWHPV RI WKH IXWXUH 7KHUH KDV EHHQ PXFK UHVHDUFK LQWR
SURSDJDWLRQDW9+)DQG8+)EDQGVRYHU WKH\HDUVIRUERWK
FRPPHUFLDO DQG PLOLWDU\ XVHV HJ >@ UHFHQWO\ LQFOXGLQJ
VKRUWUDQJHDSSOLFDWLRQV>@
506 GHOD\ VSUHDGV LQ WKH 9+) DQG 8+) EDQGV KDYH EHHQ
REVHUYHGWREHW\SLFDOO\LQUDQJHVRIQVWRVDWGLVWDQFHV
RI XS WR NP LQ YDULRXV XUEDQ VHWWLQJV >@ WKRXJK
RFFDVLRQDOO\UHDFKLQJVZKHQLQGRRURXWGRRUWUDQVLWLRQVDUH
LQFOXGHG>@9+)GHOD\VSUHDGVLQPRXQWDLQRXVUHJLRQVKDYH
EHHQVHHQWRUHDFKV>@WRV>@
,Q JHQHUDO UDGLR FRPPXQLFDWLRQV DQ 506 GHOD\ VSUHDG RI
VLJQLILFDQWO\ OHVV WKDQ WKH V\PERO GXUDWLRQ GRHV QRW UHTXLUH
HTXDOLVDWLRQ 7KLV LV KLJKO\ DGYDQWDJHRXV LQ PLQLPLVLQJ
FRPSOH[LW\ LQ DQ ,R7 UDGLR*LYHQ WKDW UHSRUWHG 506 GHOD\
VSUHDGV DUH W\SLFDOO\ ɊV RU OHVV LPSOLHV D V V\PERO
GXUDWLRQRUORQJHUZRXOGEHDGYDQWDJHRXVIRU,R7V\VWHPV
+RZHYHU LW LV LPSRUWDQW WR FKDUDFWHULVH YDULRXV FKDQQHO
SURSDJDWLRQ VFHQDULRV LQ XUEDQ DQG VXEXUEDQ HQYLURQPHQWV
UHSUHVHQWLQJWDUJHWXVHFDVHVWRSURSHUO\XQGHUVWDQGWKHGHOD\
VSUHDGDQGFKDQQHOFRQGLWLRQV WKDWPD\EHH[SHULHQFHG2XU
XVHFDVHVRILQWHUHVWDUHDVVRFLDWHGZLWKGLVFUHHWERG\ZRUQ
,R7 UDGLRV 7KHVH GHYLFHV PD\ EH XVHG IRU PHGLFDO GDWD
WHOHPHWU\WUDFNLQJPRELOH$O]KHLPHUSDWLHQWVRUDVHPHUJHQF\
DODUP 	 IDOOGHWHFWLRQ DOHUW V\VWHPV $ FRPPRQ IHDWXUH LQ
KHDOWK DQG VRFLDO FDUH XVHFDVHV LV WKH QHHG IRU WKH FKDQQHO
UHVSRQVHWREHHYDOXDWHGZKLOVWGHYLFHVDUHZRUQDQGLQYDULRXV
SRVLWLRQVVWDQGLQJVLWWLQJOD\LQJRQJURXQG
 &KDQQHO6RXQGHU+DUGZDUH
7KHFKDQQHOVRXQGLQJV\VWHPFRQVLVWVRIDQ5)YHFWRUVLJQDO
JHQHUDWRURSHUDWHGDWDIL[HGORFDWLRQDQGDSRUWDEOH&KDQQHO
6RXQGLQJ5HFHLYHU&65LQFRUSRUDWLQJDGLVSOD\$Q$JLOHQW
(%VLJQDOJHQHUDWRULVXVHGDVWKH7;VLJQDOVRXUFHZLWK
DUELWUDU\ZDYHIRUPILOHVFUHDWHGWRVXLWWKHFKDQQHOVRXQGLQJ
UHFHLYHU7KHKDUGZDUHXVHGWRPDNHWKH&65FRQVLVWVRI
x 5DVSEHUU\3L%

x 5DVSEHUU\ 3L ´ WRXFKVFUHHQ 	 FDVH  RU ´
WRXFKVFUHHQ	FDVH
x 1RR(OHF57/6'5ZLWKSSP7&;2
x $KUSRUWDEOH86%EDWWHU\SDFN

7KH RYHUDOO FRVW IRU WKH SRUWDEOH V\VWHP ´ WRXFKVFUHHQ
YDULDQW LV FLUFD  PDNLQJ LW H[WUHPHO\ FRVWHIIHFWLYH IRU
ERWKWHDFKLQJDQGUHVHDUFKLQ9+)DQG8+)SURSDJDWLRQ7KH
(% LV D FRVWHIIHFWLYH 5) EHQFKWRS *+] VLJQDO
JHQHUDWRU WKRXJK D VXLWDEOH EHVSRNH VRXQGLQJ WUDQVPLWWHU
FRXOGEHPDGH7KHWZRILJXUHVEHORZVKRZWKHWZRYHUVLRQV
RIWKH&KDQQHO6RXQGLQJ5HFHLYHULQRSHUDWLRQ

)LJXUH57/6'5	´7RXFKVFUHHQ&65

)LJXUH57/6'5	´7RXFKVFUHHQ&65

,Q ERWK WKH DERYH ILJXUHV WKH 57/6'5 LV WKH VPDOO EODFN
REORQJGHYLFHFRQQHFWHGYLDD86%H[WHQVLRQOHDGWRWKH53L
DQGWKHEOXHER[LVWKHEDWWHU\SDFN7KH5*5)FDEOHLV
FRQQHFWLQJWKH57/6'5WRDWULDODQWHQQD7KHXVHRID86%
H[WHQVLRQOHDGDOORZVWKH57/6'5DQGLWVDVVRFLDWHGDQWHQQD
WREHSODFHGDVQHHGHGDVZHOODVVHSDUDWLQJLWIURPVRXUFHVRI
5)QRLVHLQWKH53L)HUULWHFODPSVRQWKHFDEOHVQRWVKRZQ
ZHUHDOVRIRXQGWREHHVVHQWLDOIXUWKHUUHGXFLQJQRLVHIURPWKH
53LWKDWRWKHUZLVHGHVHQVLWLVHVWKH57/6'5


 &KDQQHO6RXQGLQJ$OJRULWKP
$%36.PRGXODWHG35%60VHTXHQFH LVXVHG WR LOOXPLQDWH
WKHFKDQQHO7KHVHTXHQFHLVFUHDWHGLQ0DWODEDQGDQ,4ILOH
ORDGHGLQWRWKH(6*%5)VLJQDOJHQHUDWRU7KH&65UXQV
EHVSRNH '63 FRGH ZULWWHQ LQ 3\WKRQ LQLWLDOO\ GHYHORSHG LQ
0DWODE7KHDOJRULWKPVDUHGHVFULEHGEHORZ
35%606HTXHQFH6HOHFWLRQ
,WLVEHQHILFLDOWRNHHSWKH&653\WKRQDOJRULWKPFRPSOH[LW\
ORZWRVXSSRUWLQLWLDOGHYHORSPHQWLQ0DWODEDVZHOODVIXWXUH
VWXGHQWLQYROYHPHQW$NH\GHVLUHLVWRDYRLGWKHQHHGIRUDQ\
IUHTXHQF\DFTXLVLWLRQRUFRGHDFTXLVLWLRQVWDJHV LQ WKH&65
6LQFHWKH35%6FRGHLVNQRZQQRFRGHDFTXLVLWLRQLVQHHGHG
)UHTXHQF\DFTXLVLWLRQFDQEHDYRLGHGE\ UHFRJQLVLQJ WKDW DV
ORQJDVWKHSKDVHURWDWLRQRIWKH5;,4GDWDGXHWRIUHTXHQF\
HUURUVLVOHVVWKDQGHJUHHVRYHURQHFRPSOHWH35%6IUDPH
%36.VLJQDOVFDQEHGHPRGXODWHG7KHUHODWLRQVKLSEHWZHHQ
PD[LPXP 35%6 IUDPH OHQJWK DQG RYHUDOO IUHTXHQF\ HUURU
FRPSRVLWHRI5;DQG7;LVVKRZQLQ(TXDWLRQߨ ൌ ߱௘ ௙ܶ  
,Q(TXDWLRQ ௙ܶLVWKHGXUDWLRQVHFRQGVRIDVLQJOH35%6
IUDPH DQG ߱௘ LV WKH RYHUDOO IUHTXHQF\ HUURU UDGV ,Q WKHFRPSOHWH V\VWHP WKH ZRUVWFDVH IUHTXHQF\ HUURU LV SSP
IURPWKH57/6'5DQGSSPIURPWKH(6*OHDGLQJWRD
PD[LPXPWROHUDEOH,)HUURURIN+]IRUD*+]FDUULHU
7KHPD[LPXPUHOLDEOH ,4VDPSOLQJ UDWHRI WKH57/6'5 LV
0+] LPSO\LQJ DQ 5) %: RI 0+] FRXOG EH FDSWXUHG LQ
GLUHFWFRQYHUVLRQ7RREWDLQPD[LPXPSRVVLEOHUHVROXWLRQRI
SURSDJDWLRQUHIOHFWLRQVD%36.ELWUDWHRI0EVZDVFKRVHQ
WKXVILOOLQJWKH0+],)%:WRWKHILUVWVLQFQXOOV
$ 35%6 0VHTXHQFH  ELWV ZDV FKRVHQ FORFNHG DW
0EV ZKLFK DFFRUGLQJ WR (TXDWLRQ  ZRXOG WROHUDWH ,)
IUHTXHQF\ HUURUV XS WR +] 5DWKHU WKDQ *36ORFN WKH
(6* D VPDOO RIIVHW FRUUHFWLRQ ZDV LPSOHPHQWHG WR LWV
FDUULHUIUHTXHQF\WRHQVXUHWKDWWKHRYHUDOOHUURUDWWKH&65ZDV
EHORZ +] 6LQFH WKH (6* LQWHUQDO UHIHUHQFH LV YHU\
VWDEOH DIWHU ZDUPLQJ XS WKLV LQLWLDO FRUUHFWLRQ DSSURDFK KDV
SURYHQ DFFHSWDEOH IRU WKH GXUDWLRQ RI DOO PHDVXUHPHQW
FDPSDLJQVVRIDU7KHXVHRIDELW0VHTXHQFHOHDGVWRD
SURFHVVLQJJDLQRIG%
&RUUHODWLRQ7HFKQLTXHLQ&KDQQHO6RXQGLQJ5HFHLYHU
5DWKHU WKDQSHUIRUPLQJWKH5;VDPSOHGVLJQDOFRUUHODWLRQLQ
WKH WLPH GRPDLQ LW LV FRPPRQ DQG PRUH FRPSXWDWLRQDOO\
HIILFLHQW WR SHUIRUP WKH FRUUHODWLRQ LQ WKH IUHTXHQF\ GRPDLQ
>@ WKHQUHWXUQLQJ WKHUHVXOW WR WKH WLPHGRPDLQ7KH
ZHOONQRZQ )DVW )RXULHU 7UDQVIRUP FLUFXODU FRQYROXWLRQ
PDWFKHGILOWHUDSSURDFKHPSOR\HGLQWKH&65LVGHVFULEHGLQ
(TXDWLRQ ܥ ൌ ܫܨܨܶሾܪሺ݂ሻכܩሺ݂ሻሿ 
,Q (TXDWLRQ  +I DQG *I DUH WKH )RXULHU WUDQVIRUPV RI
WLPHVHULHVKQDQGJQUHVSHFWLYHO\DQGGHQRWHVFRPSOH[
FRQMXJDWLRQ & LV WKH UHVXOWLQJ FURVVFRUUHODWLRQ DUUD\ RI WKH
WLPHVHULHVUHVXOWLQJIURPWKH,QYHUVH)DVW)RXULHU7UDQVIRUP
,))7RSHUDWLRQ

3\WKRQFRGHFRQWUROVERWKWKHRSHUDWLRQRIWKH57/6'5DQG
LPSOHPHQWV WKH VXEVHTXHQW VLJQDO SURFHVVLQJ DOJRULWKPV
DOORZLQJ QHDUUHDOWLPH YLVXDOLVDWLRQ RI WKH SURSDJDWLRQ
FKDQQHOGHOD\VSUHDGDQGIUHTXHQF\UHVSRQVH
'DWDIURPWKH57/6'5VHWWRLWVPD[LPXP,)JDLQRIG%
KROGLQJFDSWXUHG35%6IUDPHVDUH ILUVWVWRUHG WR ILOHDQG
WKHQSURFHVVHGLQ3\WKRQOHDGLQJWRJUDSKVRIFKDQQHOLPSXOVH
DQGIUHTXHQF\UHVSRQVH
7KH DOJRULWKP HPSOR\HG ZLWKLQ WKH &65 LV EDVHG RQ D
VLPSOLILHGYHUVLRQRIWKRVHXVHGLQ>@,QWKHIROORZLQJ
GHVFULSWLRQVYDULDEOHVKROGLQJDUUD\VRIVDPSOHVDUHLWDOLFLVHG
DQGLQEROG$VVXPHWKHUHDUH1FRPSOH[VDPSOHVSHUUHFHLYHG
35%6 IUDPH OHQJWK  RYHUVDPSOHG E\ IDFWRU  LH 1  
 7R IDFLOLWDWH UREXVW GHWHFWLRQ RI DW OHDVW RQH VWURQJ
FRUUHODWLRQSHDNUHJDUGOHVVRIWLPHRIIVHWLQWKHFDSWXUHG5;
GDWD WKH5;GDWD LV SDUWLWLRQHG LQWR VHJPHQWVRI OHQJWK 1
U[BVHTXHQFHB1>1@7KHRYHUDOOFDSWXUHG5;GDWDILOHLV
WKHQSURFHVVHGLQVXFKVHJPHQWVHDFKRIOHQJWK1VDPSOHV
XVLQJWKHIROORZLQJSVHXGRDOJRULWKPVLPSOLILHGIRUFODULW\

 6LQFHDQ))7LQSXWPXVWEHSHULRGLFLQWLPHDQGWKH
5;GDWDLVSURFHVVHGLQOHQJWKVRI1WKH7;
FRUUHODWLRQVHTXHQFHRIOHQJWK1IRUPDWFKHG
ILOWHULQJPXVWEHH[WHQGHGZLWK]HURVWROHQJWK1
W[BVHTXHQFH FRQFDWHQDWH>35%6]HURV1@
 7KH))7RIWKHWLPHGRPDLQ7;VHTXHQFHLVWKHQ
FRPSXWHG7 ))7W[BVHTXHQFH
 6HOHFWVHJPHQW.LQWXUQRIOHQJWK1
VDPSOHVIURPWKHFDSWXUHG5;GDWDU[BGDWD
U[BVHTXHQFHB1 U[BGDWD>.1.1@
 7KH))7RI.WKWKHWLPHGRPDLQ5;VHJPHQWLV
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